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T h i s  r e p o r t  i s  u s e d  t o  i n s u r e  prompt d i s semina t io r i  of p r e l i m i n a r y  
r e s u l t s ,  i n t e r i m  r e p o r t s ,  a n d  s p e c i a l  s t u d i e s  t o  t h e  s c i e n t i f i c  
Loninlunity. The m a t e r i a l  is n c t  r eady  f o r  formal  p u b l i c a t i o n  s i n c e  
t h e  paper  may l a t e r  be p u b l i s h e d  i n  a modif ied form t o  i n c l u d e  
n o r e  recent i n fo rma t ion  o r  researcki r e s u l t s .  A b s t r a c t j a g ,  c i t i n g ,  
o r  r e ~ r o d u c t j o n  of t h i s  j r i f c 1 i n z . t  jcl11 is I I o t  a l l o w e d .  Con tac t  
a u t h o r s  i f  a d d i t i o n a l  i n fo rma t ion  i s  r e q u i r e d .  



PREFACE 

T h i s  r e p o r t  was p repa red  under c o n t r a c t  (Purchase  Order No. 81- 
ABA-2116, August 6 ,  1981) by Walter N .  I k e h a r a ,  g r a d u a t e  s t u d e n t ,  Univer- 
s i t y  of  H a w a i i .  The c o n t r a c t  o b j e c t i v e  was t o  b u i l d  a systen: f o r  i n d u c i n g  
locomotion i n  r e s t r a i n e d  tuna th rough  b r a i n  s t i m u l a t i o n  and t o  t e s t  t h e  
f e a s i b i l i t y  of u s i n g  t h i s  system f o r  measuring m e t a b o l i c  r a t e s  a t  h igh  
s u s t a i n e d  swimming speeds .  The d e s c r i p t i o n  of t h e  methodologies  employed 
p r o v i d e s  a g u i d e  f o r  f u t u r e  r e s e a r c h  a c t i v i t i e s  i n  t h i s  area. S ince  t h e  
r e p o r t  has  been p repa red  under c o n t r a c t ,  t h e  s t a t e m e n t s ,  f i n d i n g s ,  conclu-  
s i o n s ,  and recommendations h e r e i n  a r e  t h o s e  of t h e  c o n t r a c t o r  and do no t  
n e c e s s a r i l y  r e f l e c t  t h e  view of t h e  N a t i o n a l  Marine F i s h e r i e s  S e r v i c e .  

R icha rd  W .  B r i l l  
F i s h e r y  B i o l o g i s t  

September 3 0 ,  1982 



INTRODUCTION 

The purpose of t h i s  c o n t r a c t  was t o  d e s i g n  and c o n s t r u c t  an a p p a r a t u s  
f o r  u t i l i z i n g  a r t i f i c i a l l y  induced locomotion (AIL) (Kashin e t  a l .  1981) i n  
t h e  measurement of oxygen u p t a k e  a t  v a r i o u s  a c t i v i t y  l e v e l s  from r e s t r a i n e d ,  
l i v e  s k i p j a c k  t u n a ,  Katsuwonus pelamis.  The A I L  t e c h n i q u e  i n v o l v e s  e l e c t r i -  
c a l l y  s t i m u l a t i n g  t h e  midbra in  of t h e  s k i p j a c k  tuna  c a u s i n g  rhy thmic ,  coor-  
d i n a t e d  swimming motions t o  be  g e n e r a t e d .  I n  o t h e r  f i s h ,  t h i s  t e c h n i q u e  has  
been shown t o  produce c o o r d i n a t e d  swimming behav io r  i n  a free-swimming f i s h  
when s t i m u l a t i n g  e l e c t r o d e s  are  implanted (Kashin e t  a l .  1974) .  

I n  t h e  p a s t ,  a t t e m p t s  have been made t o  measure oxygen u p t a k e  r a t e s  a t  
h i g h  s w i m  speeds from free-swimming s k i p j a c k  tuna  w i t h  l i t t l e  s u c c e s s .  The 
methods i n c l u d e d ,  c h a s i n g  s k i p j a c k  tuna  i n  a n n u l a r  t a n k s  a t  h i g h  swimming 
s p e e d s ,  f o r c i n g  s k i p j a c k  tuna  t o  s w i m  i n  water t u n n e l s  w h i l e  i n c r e a s i n g  t h e  
speed of water f low,  and c a n n u l a t i n g  t h e  g i l l s  of  a c t i v e l y  swimming tuna  i n  
small t a n k s .  None of t h e s e  methods were p a r t i c u l a r l y  s u c c e s s f u l ,  ma in ly  
because t h e  s k i p j a c k  tuna  e i t h e r  f a i l e d  t o  s w i m  p r o p e r l y  i n  a f o r c e d  s i t u a -  
t i o n  o r  t h e  measurement of d i s s o l v e d  oxygen i n  r a p i d l y  f lowing  w a t e r  proved 
t o  be  i n f e a s i b l e .  

Although some r e s p i r o m e t r y  d a t a  have been o b t a i n e d  a t  n e a r  minimum 
swimming speeds (Gooding e t  a l .  19811, no measurements have been made a t  
h i g h e r  swimming speeds .  When Kashin e t  a l .  (1981) showed t h a t  s i m u l a t e d  
locomotory a c t i v i t y  cou ld  be  induced i n  r e s t r a i n e d  s k i p j a c k  t u n a ,  t h e  
p o s s i b i l i t y  a r o s e  t h a t  t h i s  method could be used t o  o b t a i n  r e s p i r o m e t r y  d a t a  
from a c t i v e l y  "swimming" s k i p j a c k  tuna  i n  a r e s t r a i n t  system where oxygen 
u p t a k e  measurements and o t h e r  p h y s i o l o g i c a l  measurements a re  f a c i l i t a t e d .  
T h i s  c o n t r a c t  was funded t o  i n c o r p o r a t e  A I L  i n t o  a r e s t r a i n t  s y s t e m  w i t h  t h e  
c a p a b i l i t y  of  measuring oxygen up take  ra tes ,  t a i l - b e a t  f r e q u e n c i e s ,  and 
o t h e r  p h y s i o l o g i c a l  p a r a m e t e r s .  

OBJECTIVES 

1. The f i r s t  t a s k  was t o  produce A I L  i n  r e s t r a i n e d  s k i p j a c k  tuna  and 
t o  i n v e s t i g a t e  t h e  s t i m u l u s  pa rame te r s  needed t o  modulate  t h e  f r equency  of 
t a i l  b e a t s  so t h a t  v a r y i n g  " s w i m  speeds" cou ld  be produced. 

2 .  A r e s t r a i n t  system was a l s o  r e q u i r e d  t o  ho ld  t h e  a n t e r i o r  h a l f  of 
t h e  f i s h  s t a b l e  and m o t i o n l e s s  so t h a t  t h e  s t i m u l a t i n g  e l e c t r o d e s  cou ld  be  
p l a c e d  a c c u r a t e l y  i n  t h e  m i d b r a i n  of t h e  f i s h  and be f r e e  from motion a r t i -  
f a c t s .  S imul t aneous ly ,  t h e  p o s t e r i o r  h a l f  of t h e  f i s h  w a s  t o  be  unre-  
s t r a i n e d  t o  pe rmi t  locomotory a c t i v i t y  t o  o c c u r .  O the r  a p p a r a t u s  would be 
c o n s t r u c t e d  t o  r e c o r d  t h e  f r equency  of t a i l  b e a t s  f o r  c a l c u l a t i o n  of equiv- 
a l e n t  s w i m  speeds  (Yuen 1966) .  

3 .  Next ,  an a p p a r a t u s  had t o  be des igned  and b u i l t  f o r  t h e  measure- 
ment of d i s s o l v e d  oxygen i n  water b e f o r e  and a f t e r  pas sage  ove r  t h e  g i l l s .  
No c ross -con tamina t ion  of t h e  p r e - g i l l  and p o s t - g i l l  water cou ld  be 
a l lowed .  The r a t e  of w a t e r f l o w  th rough  t h e  g i l l s  w a s  t o  be monitored so 
t h a t  t h e  oxygen up take  cou ld  be c a l c u l a t e d .  
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METHODS AND MATERIALS 

1. A r t i f i c i a l l y  Induced Locomotion 

S e v e r a l  l i v e  s k i p j a c k  tuna  were a n e s t h e t i z e d  w i t h  sodium t h i o p e n t o l  
i n j e c t e d  i n t r a m u s c u l a r l y  a t  a dose of about 20 mg/kg w e t  we igh t .  The 
a n e s t h e t i z e d  f i s h  were t r a n s p o r t e d  o n t o  a temporary r e s t r a i n t  c r a d l e  and 
s t r a p p e d  s e c u r e l y .  A s t a i n l e s s  s t e e l  tube  was i n s e r t e d  i n t o  t h e  mouth of 
t h e  f i s h  and oxygenated seawa te r  was s u p p l i e d  f o r  r e s p i r a t i o n .  A f t e r  a 
s h o r t  p e r i o d  f o r  r e c o v e r y ,  t h e  s u r g e r y  t o  expose t h e  b r a i n  was begun. 
Small  i n j e c t i o n s  of L i d o c a i n e ,  a l o c a l  a n e s t h e t i c ,  were made i n t o  t h e  
muscle  o v e r l y i n g  t h e  s k u l l  of t h e  s k i p j a c k  t u n a .  The s k i n  o v e r  t h e  s k u l l  
was i n c i s e d  and f o l d e d  back and t h e  u n d e r l y i n g  muscle  bundles  were 
r e t r a c t e d .  Using a bone r o n g e u r s ,  t h e  s k u l l  bone d i r e c t l y  o v e r  t h e  ce re -  
bel lum w a s  c u t  away, and t h e  f a t t y  t i s s u e  and d u r a l  membranes were removed 
expos ing  t h e  e n t i r e  c e r e b e l l u m  t o  view. 

Screw clamps were p l a c e d  on t h e  snout  of t h e  f i s h ,  clamping i t  t i g h t l y  
t o  t h e  s t a i n l e s s  s t e e l  p e r f u s i o n  tube .  The mic roman ipu la to r  was p o s i t i o n e d  
over  t h e  s k u l l  open ing ,  and t h e  s t i m u l a t i n g  e l e c t r o d e s  were a t t a c h e d  t o  t h e  
m a n i p u l a t o r .  I n  b i p o l a r  s t i m u l a t i o n ,  two sharpened t u n g s t e n  e l e c t r o d e s  
w i t h  u n i n s u l a t e d  t i p s  were used as s t i m u l a t i n g  e l e c t r o d e s .  I n  monopolar 
s t i m u l a t i o n ,  o n l y  one t u n g s t e n  s t i m u l a t i n g  e l e c t r o d e  w a s  used and a s t a i n -  
l e s s  s t e e l  s y r i n g e  n e e d l e  i n s e r t e d  i n t o  t h e  a n t e r i o r  d o r s a l  muscle was used 
as  t h e  i n d i f f e r e n t  e l e c t r o d e .  The monopolar e l e c t r o d e  seemed t o  be 
s l i g h t l y  more e f f e c t i v e  than  t h e  b i p o l a r  e l e c t r o d e s  and caused less  trauma. 
The e l e c t r o d e s  were connec ted  t o  t h e  o u t p u t  of a Grass S9D S t i m u l a t o r ,  and 
t h e  e n t i r e  u n i t  was grounded by a s t a i n l e s s  s t e e l  p l a t e  immersed i n  t h e  
s e a w a t e r .  

The most e f f e c t i v e  area of s t i m u l a t i o n  seemed t o  be c e n t e r e d  on t h e  
m i d l i n e  of  t h e  b r a i n ,  s l i g h t l y  less than  h a l f  t h e  l e n g t h  of t h e  ce rebe l lum 
p o s t e r i o r  t o  t h e  a n t e r i o r  edge.  The monopolar e l e c t r o d e  t i p  was p l aced  
between 6 and 7 mm deep.  The l a t e r a l  p o s i t i o n  of t h e  s t i m u l a t i n g  e l e c t r o d e  
was r a t h e r  c r i t i c a l ,  as d e v i a t i o n s  from t h e  m i d l i n e  as s m a l l  as 0.5 mm 
caused uneven t a i l  f l e x u r e s  ( F i g u r e  1 ) .  

The e f f e c t i v e  s t i m u l u s  pa rame te r s  v a r i e d  w i t h  i n d i v i d u a l  f i s h  but  can 
be  summarized as f o l l o w s .  The e f f e c t i v e  s t i m u l i  were r e p e t i t i v e ,  b i p h a s i c ,  
of p o s i t i v e  p o l a r i t y ,  from 2 t o  4.5 v o l t s ,  of 2 t o  5 m s  d u r a t i o n ,  a t  60 t o  
150 p u l s e s  p e r  second.  The f r equency  of t a i l  b e a t s  cou ld  be modulated by 
i n c r e a s i n g  t h e  f r equency  and s l i g h t l y  d e c r e a s i n g  t h e  d u r a t i o n .  The t h r e s h -  
o l d  of s t i m u l a t i o n  v a r i e d  w i t h  i n d i v i d u a l  f i s h .  The p e r i o d  of s t i m u l a t i o n  
v a r i e d  from s e v e r a l  seconds t o  s e v e r a l  minu te s .  The t a i l - b e a t  r e s p o n s e s  a t  
h i g h e r  t a i l - b e a t  ra tes  g e n e r a l l y  began d e c r e a s i n g  i n  ampl i tude  a f t e r  a few 
minu tes .  Long p e r i o d s  of s t i m u l a t i o n  are  no t  recommended because l e s i o n s  
cou ld  be produced. 

I f  t h e  e l e c t r o d e  i s  p l a c e d  c o r r e c t l y ,  t h e  f i s h  w i l l  show no t a i l  move- 
ment w h i l e  no t  b e i n g  s t i m u l a t e d ,  a l t h o u g h  o p e r c u l a r  movements w i l l  o c c u r .  
When t h e  s t i m u l a t o r  i s  t u r n e d  on, t h e  t a i l  w i l l  b e g i n  moving i n  a coord i -  
n a t e d  f a s h i o n  a p p e a r i n g  l i k e  normal t a i l  b e a t s .  When t h e  s t i m u l a t o r  i s  
t u r n e d  o f f ,  t h e  t a i l  b e a t s  w i l l  c e a s e  ( F i g u r e  2 ) .  
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F i g u r e  1.--The placement of t h e  s t i m u l a t i n g  e l e c t r o d e .  The photograph 
shows t h e  s t i m u l a t i n g  e l e c t r o d e  e n t e r i n g  t h e  ce rebe l lum.  A r e t r a c t o r  i s  
ho ld ing  muscle  bundles  a p a r t .  The p i n e a l  window can be seen  a t  t h e  c e n t e r  
r i g h t  of t h e  photograph.  A n t e r i o r  i s  t o  t h e  r i g h t .  

I t  i s  impor t an t  t h a t  o n l y  f i s h  i n  good c o n d i t i o n  be used f o r  t h i s  
expe r imen t .  The f i s h  shou ld  be  handled r a p i d l y  and w i t h  c a r e ,  as t h e  t i m e  
t h a t  t h e  f i s h  i s  not  r e s p i r i n g  should be minimized. The g i l l  p e r f u s i o n  
water shou ld  be  s a t u r a t e d  w i t h  oxygen. Excess a n e s t h e t i c  shou ld  n o t  be 
u s e d ,  and t h e  f i s h  can be t e m p o r a r i l y  q u i e t e d  by c o v e r i n g  t h e  eyes  w i t h  an 
opaque material .  

2 .  Live R e s t r a i n t  System 

A r e s t r a i n t  system was des igned  and b u i l t  t o  ho ld  t h e  f i s h  s e c u r e l y  i n  
p o s i t i o n  f o r  t h e  e l e c t r o d e  placement y e t  permit  movement of t h e  t a i l  f o r  
induced swimming motion.  A r e c t a n g u l a r  p l e x i g l a s s  box f o r m e r l y  used f o r  
s t a s i s  r e s p i r o m e t r y  measurements ( B r i l l  1979) w a s  mod i f i ed  by t h e  a d d i t i o n  
of s e v e r a l  new p a r t i t i o n s  ( F i g u r e  3 ) .  A p l e x i g l a s s  p a r t i t i o n  w i t h  s l i d i n g  
p l e x i g l a s s  clamps shaped t o  f i t  t h e  l a t e r a l  s u r f a c e  of t h e  s k i p j a c k  t u n a ' s  
body was f i t t e d  i n t o  t h e  box about  o n e - t h i r d  of t h e  way back from t h e  a n t e -  
r i o r  w a l l  of t h e  box. The clamping s u r f a c e s  were padded w i t h  foam rubbe r  
t o  p r o t e c t  t h e  f i s h ' s  body. The clamps h e l d  t h e  f i s h ' s  body j u s t  p o s t e r i o r  
t o  t h e  p e c t o r a l  f i n s  and could be  secu red  t i g h t l y  enough t o  i s o l a t e  t h e  
a n t e r i o r  h a l f  of t h e  f i s h  from t h e  motion of t h e  t a i l .  Another  p a r t i t i o n  
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F i g u r e  2 . - -A  s k i p j a c k  tuna be ing  s t i m u l a t e d  w i t h  t h e  A I L  t e c h n i q u e .  T h i s  
photograph from t h e  Kashin e t  a l .  (1981) expe r imen t s  shows a s k i p j a c k  tuna  
b e a t i n g  i t s  t a i l  i n  r e sponse  t o  A I L  s t i m u l a t i o n .  The e l e c t r o d e  ho lde r  and 
t h e  mic roman ipu la to r  can be seen a t  l e f t .  Electromyographic  r e c o r d i n g  
e l e c t r o d e s  can be seen a t  r i g h t .  

p l a c e d  j u s t  p o s t e r i o r  t o  t h e  a n t e r i o r  w a l l  of t h e  box had an opening shaped 
t o  f i t  around t h e  snou t  of t h e  f i s h ,  padded w i t h  f i r m  foam rubbe r  so  t h a t  
i t  clamped and s e a l e d  t h e  snou t .  A d d i t i o n a l  screw clamps around t h e  open- 
i n g  could be used t o  s e c u r e  t h e  f i s h ' s  snout  a g a i n s t  t h e  padded s t a i n l e s s  
s t e e l  p e r f u s i o n  t u b e  p r o t r u d i n g  i n t o  t h e  box from t h e  a n t e r i o r  wal l .  The 
box and clamping p a r t i t i o n s  were des igned  f o r  a s k i p j a c k  tuna  r a n g i n g  i n  
s i z e  from 1 t o  2 kg i n  w e i g h t ,  t h e  s i z e  of s k i p j a c k  tuna u s u a l l y  ma in ta ined  
i n  c a p t i v i t y  a t  t h e  Kewalo Research F a c i l i t y .  

I n  t h i s  manner, t h e  a n t e r i o r  p o r t i o n  of t h e  f i s h  could be  h e l d  
s e c u r e l y ,  s e a l e d  a g a i n s t  con tamina t ion  of exha led  wa te r  by i n h a l e d  w a t e r ,  
y e t  permit  c o l l e c t i o n  of exha led  water w i t h  a c a n n u l a t e d  man i fo ld  f i t t e d  
i n t o  t h e  o p e r c u l a r  open ings .  The p o s t e r i o r  p o r t i o n  of t h e  box w a s  l e f t  
open t o  pe rmi t  f r e e  t a i l  movement and d r a i n a g e  of exha led  water .  The box 
was b o l t e d  t o  a p l e x i g l a s s  water t a b l e  on t h e  e l e c t r o p h y s i o l o g y  t a b l e .  

The t a i l - b e a t  f r equency  can be monitored by t h e  same method used i n  
Kashin e t  a l .  (1981) u t i l i z i n g  a l i n k a g e  t o  t h e  cauda l  peduncle  and a 
p o t e n t i o m e t e r  used i n  a v o l t a g e  d i v i d e r  c i r c u i t  f e d  t o  a c h a r t  r e c o r d e r .  
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F i g u r e  3.--The p l e x i g l a s s  box used i n  t h e  r e s t r a i n t  s y s t e m .  From r i g h t  t o  
l e f t ,  t h e  s t a i n l e s s  s t e e l  p e r f u s i o n  t u b e  w i t h  j a w  s e a l s ,  t h e  f i r s t  
p a r t i t i o n  wi th  t h e  snout  s e a l  and snout  clamps, and t h e  second p a r t i t i o n  
w i t h  t h e  s l i d i n g  body clamps can be seen.  The compartments can be s e a l e d  
a t  t h e  snout  and body p a r t i t i o n s .  P a r t  of t h e  e l e c t r o p h y s i o l o g y  t a b l e  and 
suppor t  a p p a r a t u s  can a l s o  be seen .  

3 .  Oxygen Measurement Apparatus  

An a p p a r a t u s  was des igned  and c o n s t r u c t e d  t o  permit  t h e  sampling of 
wa te r  b e f o r e  ( i n h a l a n t )  and a f t e r  pas sage  ( e x h a l a n t  ove r  t h e  f i s h ' s  g i l l s ) .  
A p l e x i g l a s s  chamber was c o n s t r u c t e d  t o  hold a Yellow S p r i n g s  I n s t r u m e n t s  
(YSI) oxygen probe so t h a t  t h e  i n h a l a n t  f l o w  passed  ove r  t h e  membrane of 
t h e  probe.  An o u t l e t  was a l s o  p rov ided  f o r  t a k i n g  samples i n  a BOD b o t t l e  
f o r  Winkler t i t r a t i o n  ( F i g u r e  4 ) .  

The e x h a l a n t  w a t e r ,  a f t e r  pas sage  over  t h e  g i l l s ,  was sampled by a 
man i fo ld  w i t h  t h r e e  cannu lae  i n  each o p e r c u l a r  opening.  S i x  c a n n u l a e ,  
t h r e e  from each s i d e  of t h e  f i s h ,  l e d  t o  a c y l i n d r i c a l  p l e x i g l a s s  chamber 
d e s i g n e d  SO t h a t  t h e  water f o r c e f u l l y  passed ove r  t h e  oxygen probe membrane 
and a l s o  could be  sampled i n t o  a BOD b o t t l e  f o r  l a t e r  Winkler t i t r a t i o n .  
The e x h a l a n t  p robe  chamber w a s  p l a c e d  lower than  t h e  o p e r c u l a r  man i fo lds  s o  
t h a t  t h e  water s iphoned o u t  of t h e  o p e r c u l a r  chambers. T h i s  caused a r a p i d  
f low th rough  t h e  cannu lae ,  e f f e c t i v e l y  c o l l e c t i n g  most of t h e  e x h a l a n t  f l o w  
( F i g u r e  5 ) .  
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F i g u r e  4.--The i n h a l a n t  oxygen probe chamber. Oxygenated seawa te r  e n t e r s  
t h e  upper p o r t  on t h e  r i g h t ,  p a s s e s  th rough  t h e  oxygen p robe ,  and e x i t s  
from t h e  l e f t .  The t u b e  a t  t h e  lower r i g h t  i s  t h e  Winkler sampling p o r t .  
The s t o p p e r  w i t h  t h e  oxygen probe can be removed and r e p l a c e d  w i t h  a s o l i d  
s t o p p e r .  

The oxygen probe was connected t o  a YSI Model 57 Di s so lved  Oxygen 
Meter.  T h i s  u n i t  w a s  c a l i b r a t e d  w i t h  s a t u r a t e d  a i r  and was provided w i t h  
s a l i n i t y  and t e m p e r a t u r e  compensat ion.  A s  a check on t h e  m e t e r ,  a Winkler 
t i t r a t i o n  a p p a r a t u s  was t o  be  used t o  a s s a y  samples t aken  a t  t h e  same time 
t h e  oxygen me te r  w a s  used.  

The seawa te r  f o r  t h e  p e r f u s i o n  system was oxygenated w i t h  an i n - l i n e  
a i r s t o n e  f e d  by a r e g u l a t e d  oxygen t a n k .  To p reven t  oxygen bubbles  from 
c o n t a m i n a t i n g  t h e  i n h a l a n t  w a t e r ,  a l a r g e  p l a s t i c  b a r r e l  was used as a n  
open r e s e r v o i r .  The wa te r  flowed by g r a v i t y  from t h e  r e s e r v o i r  through an 
i n - l i n e  f lowmeter  t o  t h e  i n h a l a n t  probe chamber, t hen  i n t o  t h e  p e r f u s i o n  
t u b e  i n s e r t e d  i n t o  t h e  f i s h ' s  mouth. Leakage of i n h a l a n t  wa te r  was pre-  
v e n t e d  by a foam b lock  shaped t o  s e a l  t h e  a r e a  between t h e  f i s h ' s  mouth 
and t h e  p e r f u s i o n  tube .  (See F i g u r e  6 f o r  a s chemat i c  diagram.)  

S i n c e  a l l  t h e  i n h a l a n t  wa te r  was monitored by t h e  flowmeter and 
d i s s o l v e d  oxygen measurements could be made b e f o r e  and a f t e r  pas sage  over  
t h e  g i l l s ,  t h e  t o t a l  oxygen u p t a k e  of t h e  f i s h  could be c a l c u l a t e d .  
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F i g u r e  5.--The e x h a l a n t  oxygen probe chamber w i t h  cannu lae .  Exhaled 
seawa te r  i s  t aken  up by t h e  cannu lae  h e l d  by t h e  foam o p e r c u l a r  man i fo lds  
a t  t h e  lower l e f t ,  p a s s e s  over  t h e  oxygen probe,  and i s  d r a i n e d  th rough  an 
o u t e r  c y l i n d e r  ( n o t  shown) equipped w i t h  a Winkler sampling p o r t .  The 
d e s i g n  of t h e  probe chamber causes  seawa te r  t o  p a s s  f o r c e f u l l y  over  t h e  
probe membrane, e l i m i n a t i n g  t h e  need f o r  s t i r r i n g .  

Cannulae SE DO 
O 2  

W 

1 
DO 

w 

F i g u r e  6.--The r e s t r a i n t  s y s t e m  and t h e  oxygen measurement s y s t e m .  I n  
o r d e r  of d i r e c t i o n  of f low: SW = seawater i n p u t ,  0 2  = oxygen, RES = open 
r e s e r v o i r ,  FL = f lowmete r ,  PC1 = i n h a l a n t  oxygen p robe  chamber, DO = 
d i s s o l v e d  oxygen p robe ,  W = Winkler p o r t ,  SE = s t i m u l a t i n g  e l e c t r o d e s ,  
PC2 = e x h a l a n t  probe chamber. 
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SUMMARY OF RESULTS 

1. The experiment  of Kashin e t  a l .  (1981) was s u c c e s s f u l l y  reproduced 
on t h r e e  s k i p j a c k  t u n a .  The pa rame te r s  f o r  e l e c t r i c a l  s t i m u l a t i o n  were 
s t u d i e d  and e f f e c t i v e  r anges  were found. The f r equency  of t a i l  b e a t s  could 
be v a r i e d  by changes i n  s t i m u l u s  pa rame te r s .  The o p t i m a l  l o c a t i o n  f o r  
s t i m u l a t i n g  e l e c t r o d e s  was mapped i n  r e l a t i o n  t o  t h e  b r a i n .  
s t i m u l a t i n g  e l e c t r o d e  was found t o  be s l i g h t l y  more e f f e c t i v e  than  b i p o l a r  
e l e c t r o d e s .  

A monopolar 

2. A r e s t r a i n t  s y s t e m  was des igned  and c o n s t r u c t e d  t o  ho ld  t h e  f i s h ' s  
head immobile and y e t  permit  f r e e  t a i l  movement. Access t o  t h e  f i s h ' s  head 
and b r a i n  was unimpaired.  

3 .  An oxygen measurement system was des igned  and c o n s t r u c t e d  t o  
u t i l i z e  p o l a r o g r a p h i c  oxygen e l e c t r o d e s  f o r  d i s s o l v e d  oxygen measurements 
of  i n h a l a n t  and e x h a l a n t  seawater. Water samples f o r  Winkler t i t r a t i o n  
a n a l y s e s  cou ld  a l s o  be c o l l e c t e d .  A cannu la  system was des igned  and t e s t e d  
f o r  c o l l e c t i n g  e x h a l a n t  wa te r  from t h e  o p e r c u l a r  openings.  

4 .  No measurements were o b t a i n e d  of oxygen up take  ra tes  a t  v a r i o u s  
a c t i v i t y  l e v e l s  from s k i p j a c k  t u n a .  Although expe r imen t s  were planned w i t h  
r e s t r a i n e d  f i s h ,  v a r i o u s  f a c t o r s  such a s  t h e  l a c k  of s u i t a b l y  s i z e d  f i s h  
and l a c k  of t ime p reven ted  t h e  accomplishment of t h e s e  expe r imen t s .  

DISCUSSION 

One o b s t a c l e  t o  o b t a i n i n g  v a l i d  a c t i v e  r e s p i r o m e t r y  measurements i n  
t h e  r e s t r a i n e d  A I L  system i s  t h e  t i m e  needed, a f t e r  i n t r o d u c t i o n  of t h e  
f i s h  t o  t h e  box, f o r  s t r e s s - r e l a t e d  phenomena t o  s u b s i d e .  Barrett  and 
Connor (1964)  found t h a t  blood l a c t a t e  l e v e l s  i n  s k i p j a c k  tuna  were low 
immediately a f t e r  c a p t u r e ,  bu t  i n c r e a s e d  t o  a h igh  l e v e l  i n  about 30 t o  90 
minutes  a f t e r  c a p t u r e .  Approximately 1 t o  2 hour s  were r e q u i r e d  f o r  l a c -  
t a t e  l e v e l s  t o  f a l l  t o  i n i t i a l  c a p t u r e  l e v e l s .  It i s  p o s s i b l e  t h a t  any 
a c t i v e  r e s p i r o m e t r y  measurements made b e f o r e  such t i m e  would be b i a sed  by 
s t ress  phenomena. Any r e s p i r o m e t r y  r a t e s  o b t a i n e d  v i a  t h e  r e s t r a i n e d  A I L  
t e c h n i q u e  would have t o  be  compared t o  r e s t i n g  r e s p i r o m e t r y  ra tes  measured 
a f t e r  t h e  f i s h  was s t i l l  and had s t a b i l i z e d ,  n e a r  t h e  end of t h e  e x p e r i -  
ment. I f  t h e  f i s h  s u r v i v e d  f o r  long p e r i o d s  i n  t h e  r e s t r a i n t  system, 
t h e n  r e s t i n g  r e s p i r o m e t r y  r a t e s  could a l s o  be measured b e f o r e  a c t i v e  m e a -  
surements  were begun. However, t h e  accumulat ion of l a c t a t e  w i l l  i n e v i t a b l y  
o c c u r  as t h e  f i s h  i s  e x e r c i s e d  i n  t h e  r e s t r a i n t  system. 

The s tamina of t h e  f i s h  under s t i m u l a t i o n  may a l s o  become a problem. 
The s k i p j a c k  tuna  I used were no t  a b l e  t o  m a i n t a i n  a h i g h  r a t e  ( i .  e . ,  
h i g h e r  t h a n  " c r u i s e "  r a t e )  of t a i l  b e a t i n g  f o r  long p e r i o d s  of t ime.  I n  
most c a s e s ,  t h e y  f a t i g u e d  w i t h i n  a few minutes  of t h e  o n s e t  of s t i m u l a t i o n .  
I t  i s  p o s s i b l e  t h a t  t h e  f i s h  may n o t  l as t  long enough t o  o b t a i n  m u l t i p l e  
measurements.  T h i s  e f f e c t  may a l s o  be due t o  t h e  f a c t  t h a t  weakened f i s h  
were used i n  t h e  i n i t i a l  s t i m u l a t i o n  expe r imen t s ,  as h e a l t h y  f i s h  were 
r e s e r v e d  f o r  behav io r  s t u d i e s .  I f  h e a l t h y  f i s h  are  used f o r  A I L  e x p e r i -  
ments ,  t h e n  s tamina may no t  become a problem. 
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I t  i s  impor t an t  t h a t  t h e  r e s t r a in t  system, and a l l  suppor t  systems f o r  
t h e  a p p a r a t u s ,  be  as r i g i d  as p o s s i b l e .  
c o n s i d e r a b l e  i n e r t i a l  f o r c e s  when a c t i v e l y  t a i l  b e a t i n g .  I f  t h e r e  i s  com- 
p l i a n c e  i n  t h e  s y s t e m ,  t h e  e l e c t r o d e s  w i l l  move i n  r e l a t i o n  t o  t h e  b r a i n ,  
damaging t h e  m i d b r a i n  and b r a i n s t e m .  An implanted e l e c t r o d e  system would 
be d e s i r a b l e ,  i f  t h e  optimum l o c a t i o n  f o r  t h e  e l e c t r o d e s  can be de t e rmined  
i n  advance,  however, some a d j u s t a b i l i t y  i n  t h e  l o c a t i o n  of e l e c t r o d e s  would 
s t i l l  be  d e s i r a b l e .  

The s k i p j a c k  tuna  can g e n e r a t e  

The s y s t e m  developed f o r  t h e  A I L  t e c h n i q u e  and oxygen measurement i s  
a l s o  a p p l i c a b l e  f o r  t h e  measurement of o t h e r  p h y s i o l o g i c a l  pa rame te r s .  For 
example, i t  should be  p o s s i b l e  t o  f l o o d  t h e  p o s t e r i o r  compartment of t h e  
r e s t r a i n t  box and s e a l  i t  so t h a t  power measurements can be made by measur- 
i n g  t h e  r i s e  i n  t e m p e r a t u r e  of t h e  wa te r  as t h e  f i s h  b e a t s  i t s  t a i l .  Heat 
f l o w  s e n s o r s  can be a t t a c h e d  t o  t h e  f i s h  f o r  h e a t  f l u x  measurements and 
e l ec t romyograph ic  r e c o r d i n g s  can a l s o  be  made from an a c t i v e  f i s h .  
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